Abstract: Carbon emissions are strongly related to economic development. China has entered a new phase of economic development -"New Normal" -in which large-scale and multidimensional changes are occurring in the economic structure. This study aims to estimate the carbon implications of these changes in the economic structure at the city level. We compiled a multiregional input-output (MRIO) model for China and used an environmentally extended input-output analysis (EEIOA) to estimate CO2 emissions in Shanghai from both production and consumption perspectives. We found that consumption-based CO2 emissions were more than 30% higher than production-based emissions in Shanghai. In recent years, both production-and consumption-based CO2 emissions in Shanghai declined because of changes in China's economic development mode. The production-based emissions declined mainly due to changes in the production structure and energy mix, while the consumption-based emissions declined mainly due to changes in consumption patterns and domestic interregional emission flows.
Introduction
Energy-related carbon emissions are strongly related to economic development (Han et al., 2017; Zhang et al., 2017) . China has enjoyed rapid economic growth over the past several decades. The growth rate of the average annual gross domestic product (GDP) exceeded 10% for a long period until the global financial crisis in 2008. The rapid economic growth was supported by high energy consumption, which generated significant greenhouse gas (GHG) emissions (Engström, 2016; Jarke and Perino, 2017) .
As a result, since 2006, China has become the largest CO2 emitter in the world and has contributed more than 25% of global emissions (Liu et al., 2015; Mi et al., 2017c) .
However, the global financial crisis significantly affected Chinese economic development (Long and Herrera, 2018; Overholt, 2010) ; the annual GDP growth rate declined from more than 14% in 2007 to less than 7% in 2016. The Chinese government introduced a large economic stimulus plan, including the domestic Four Trillion Yuan Stimulus Package, and established institutions and initiatives to expand foreign investment, including the Asian Infrastructure Investment Bank and the Belt and Road Initiatives. In recent years, China's economy has been unable to continue the doubledigit economic growth of previous decades. Instead, the country has entered a "new normal" phase of socioeconomic development in which large-scale and multidimensional changes in economic structure are happening (Green and Stern, 2017; Mi et al., 2018) . Specifically, China's production and consumption structure, export and import structure, urban-rural structure, interregional structure, and roles in international trade have changed under the new normal conditions (Mi et al., 2017a) .
These structural changes in China's economy have major implications for energy consumption as well as carbon emissions. The Chinese government has made an international commitment to reach peak CO2 emissions by approximately 2030.
However, recent structural changes, along with increases in non-fossil energy production, have so dramatically affected coal consumption that China's carbon emissions have already started to flatten out -on some accounts, they have even been declining since 2013. Some recent studies have explored the carbon implications of China's changing economic structure at the national level. Mi et al. (2017a) used structural decomposition analysis (SDA) to estimate the impacts of the economic structural changes on the driving factors of China's CO2 emission changes from 2005 to 2012. They found that changes in the production and consumption structure have become the strongest factor to offset China's CO2 emissions in the new normal. Mi et al. (2017b) used the multiregional input-output (MRIO) model to estimate the impacts of changes in China's economic structure and its role in global trade on CO2 emissions during the 2007-2012 period. The results showed that emission flow patterns have changed significantly since the global financial crisis, irrespective of domestic or foreign trade. Green and Stern (2017) tracked the recent changes in China's economy since 2000 and analysed their recent and future impacts on carbon emissions. They used the Kaya components approach to forecast that China's CO2 emissions are likely to peak by 2025 due to structral tranformation in the country. Zhang et al. (2016) estimated the impacts of China's new policy directives on climate change outcomes in the new normal. They argued that China's CO2 emissions will peak by approximately 2030 under China's new policies, which is different from the results of Green and Stern (2017) .
However, these studies estimated national-level impacts of the changing economic structure on CO2 emissions. To date, studies have seldom focused on the carbon implications at a city level. Therefore, a key contribution of this paper is to fill this research gap by estimating the carbon implications of China's changing economic structure in Shanghai, one of the most developed cities in eastern coastal China. It needs to be noted that Shanghai is a provincial-level city, with a population of over 24 million as of 2017. We selected Shanghai as an example for two reasons. First, Shanghai is one of the cities where economic structure changes fastest in China. Shanghai is always at the forefront of socioeconomic transformation in this country. The central government usually selects Shanghai to carry out pilot projects on economic transformation policies, such as the Shanghai Pilot Free Trade Zone. Second, Shanghai has closer economic connections with foreign countries compared to other regions in China. Due to its geographical location and government policy directives, Shanghai is well connected in international trade with a large amount of imports as well as exports. Therefore, the city is largely affected by global economic development.
In this study, we analyse the carbon emissions in Shanghai city from both consumption and production perspectives. There are two approaches to calculate carbon emissions of a region: production-and consumption-based accounting Ang, 2014, 2017) .
Under production-based accounting, emissions are distributed to the regions where these emissions are emitted Fernández-Amador et al., 2017; Peters, 2008 ). This accounting is more widely adopted by policy makers. For example, the United Nations Framework Convention on Climate Change (UNFCCC) and the Kyoto Protocol have both adopted production-based accounting (Dong, 2017) . By comparison, under consumption-based accounting, also known as the carbon footprint approach, all emissions that occur along the chains of production are allocated to the final consumers of the products (Ang and Choi, 1997; Wiedenhofer et al., 2017) . Therefore, emissions embodied in one region's imports belong to the consumption-based emissions of the region. Consumption-based emissions are usually calculated using environmentally extended input-output analysis (EEIOA) (Peters et al., 2011; Yu et al., 2017) . Most studies of consumption-based emissions are conducted at the global or national levels.
Recently, some studies used EEIOA to analyse carbon emissions for Chinese cities from a consumption perspective. For example, Mi et al. (2016) used an input-output model to estimate consumption-based carbon emissions for 13 cities in China. They found that large differences existed between consumption-and production-based accounting for all cities examined. Feng et al. (2014) calculated consumption-based emissions of four cities in China and estimated the spatial distribution of the emissions within China that were caused by consumption in the four cities.
In this study, we construct production-based carbon emission inventories for Shanghai 
Literature review
The relationships between economic structure and carbon emissions have been analysed via three approaches, including econometrics, decomposition analysis, and optimization model. First of all, many researchers applied econometric approaches to estimate the relationships between economic structure and carbon emissions. Second, the decomposition analysis is widely used to analyse the relationship between economic structure and carbon emissions. Mi et al. (2017a) Third, some researchers developed optimization models to estimate impacts of economic structure on carbon emissions. Mi et al. (2015) developed an optimization model based on input-output analysis to analyse the impacts of industrial structure changes on energy consumption and carbon emissions in China. Yu et al. (2016) developed a dynamic multi-objective optimisation model to estimate the impacts of industrial structure on energy consumption in China.
Methodology and data

Construction of the production-based carbon emission inventory
Production-based carbon emissions are calculated using the Intergovernmental Panel on Climate Change (IPCC) reference approach (Liu et al., 2015; Shan et al., 2017) . In this study, we focus on CO2 emissions caused by energy consumption in economic sectors. We do not consider emissions caused by industrial processes, such as the production of cement and lime. According to the IPCC approach, the formula for calculating CO2 emissions from energy consumption is (Mi et al., 2017b ) 
. (2) Based on the IPCC approach, we construct production-based CO2 emission inventories for 30 sectors in 30 Chinese regions from 2000 to 2015. For each sector, carbon is emitted from 17 types of energy, including 8 coal products, 8 oil products, and natural gas.
Environmentally extended input-output analysis
The EEIOA is an approach to estimate the linkages between economic activities and environmental impacts (Su and Ang, 2012) . The approach has been widely used in environmental economic fields, such as air pollution (Lin et al., 2016; Yang et al., 2016) , water use (Cazcarro et al., 2013; Ewing et al., 2012) , land use (Costello et al., 2011; Weinzettel et al., 2013) , biodiversity loss (Lenzen et al., 2012; Lenzen and Murray, 2001 ) and material use (Weisz and Duchin, 2006; Wiedmann et al., 2015) . We perform EEIOA on carbon emissions based on an MRIO model. The MRIO model describes economic connections among 26 provinces and 4 cities in China. Using the MRIO model, we can estimate CO2 emissions embodied in interregional trade and the contributions of different final demand categories (i.e., household and government consumption, investment, exports and imports) relative to the emissions for each region.
In this study, we focus on production-and consumption-based CO2 emissions of Shanghai city. The foundations of the MRIO model are the linear relationships between total output, production structure and final use, as follows: The main functions of EEIOA are to calculate CO2 emissions embodied in goods and services and to transfer production-based emissions into consumption-based emissions Liu et al., 2016) . Consumption-based carbon emissions can be calculated by
where C represents the total emissions embodied in goods and services used for final demand, and K is a vector of the carbon intensity for all economic sectors in all regions.
Linking China's MRIO to the GTAP database
The imports of Shanghai city are divided into domestic imports (from China's other regions) and international imports (from foreign countries). The emissions embodied in domestic imports can be estimated by performing EEIOA based on the Chinese MRIO model. With respect to the emissions embodied in international imports, some previous studies assumed that the emission intensity of imports is the same as that of domestic products (Guan et al., 2008) . This approach may cause large errors in emission estimation because the carbon intensity of imports is considerably different from that of domestic products due to different technology levels. Therefore, China's exports and imports are linked to a global MRIO table that is based on the GTAP database (Aguiar et al., 2016 
Data sources
In this study, we mainly need two series of data: MRIO tables and energy consumption.
The 2007 and 2010 Chinese MRIO tables were compiled by the Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences (Liu et al., 2012; Liu et al., 2014) . The 2012 Chinese MRIO tables were compiled in our previous study (Mi et al., 2017b) . These Chinese MRIO tables were all compiled using a Table 1 shows the emission factors used in this study (Liu et al., 2015; Mi et al., 2017a) . 
Results and discussion
Carbon emissions from production perspectives
The proportions of Shanghai's production-based carbon emissions, relative to China's total emissions, declined from 4.1% in 2000 to 2.1% in 2015. The production-based carbon emissions in Shanghai increased by 56% from 2000 to 2015 (Table 2) between 2011 and 2015. Shanghai's economy has been unable to continue the doubledigit growth of previous decades. Instead, it has entered a "new normal" socioeconomic development phase, which aims to achieve better quality (more sustainable and inclusive) economic growth. As a result, energy consumption and corresponding carbon emissions in Shanghai have declined. In summary, production-based carbon emissions in Shanghai increased rapidly before the global financial crisis but have declined in the new normal.
From the perspective of energy types, the decline of Shanghai's production-based emissions was due to the decrease in coal-related emissions. Coal consumption was responsible for more than half of Shanghai's production-based emissions. However, the proportions of coal-related emissions relative to Shanghai's total emissions declined from 73% in 2000 to 54% in 2015 (Table 2) . By comparison, the proportions of carbon emissions related to oil and natural gas increased from 27% and 0.3% to 39% and 7%, respectively, during the same period. Carbon emissions caused by oil and natural gas continued to increase from 2000 to 2015. In recent years, however, emissions caused by coal declined by 18% from 2011 to 2015, which resulted from the 20% decline in coal consumption in Shanghai. From a sectoral perspective, the decline of Shanghai's production-based emissions was due to the decrease in emissions from energy sectors (i.e., electricity, hot water, and gas Table A2 in Appendix for the breakdown by sector. From the perspective of consumption patterns, the decline of Shanghai's consumptionbased carbon emissions was mainly due to the decrease in emissions embodied in secondary industry products (Figure 3b ). There are substantial differences in the embodied carbon intensity of different products, with much higher intensities for secondary industry products. For example, the embodied carbon intensity of the energy sector is five times that of the transport sector. For Shanghai, emissions embodied in secondary industry products contributed more than 80% of total consumption-based emissions, but this declined by 7% from 2010 to 2012. By comparison, emissions embodied in primary and tertiary industry products continued to increase from 2007 to 2012. As a result, proportions of emissions embodied in tertiary industry products increased from 10% to 15%.
From the perspective of spatial origins, the decline of Shanghai's consumption-based carbon emissions was mainly due to the decrease in domestic imported emissions Figure 3a , 3b, and 3c demonstrate the emission changes from the perspectives of final use categories, consumption patterns, and spatial origins, respectively.
Interregional carbon emission flows
We estimated In 2010, the net emission flows from Beijing-Tianjin to Shanghai were negative ( Figure   4b ). In other words, Shanghai imported 4.5 Mt CO2 from Beijing-Tianjin, which was lower than the emissions embodied in Shanghai's exports to Beijing-Tianjin (7.6 Mt).
Central and North China were the regions responsible for the largest net emission flows 
Conclusions
Changes in the economic structure have great impacts on CO2 emissions in Shanghai in terms of both production and consumption perspectives. Shanghai's productionbased emissions declined between 2011 and 2015 due to changes in the production structure and energy mix. In the new normal, China aims to transform its economic development mode and achieve better quality economic growth that is more inclusive and sustainable. The country is struggling to eliminate dependence on coal-based heavy industry during its economic development. In Shanghai, CO2 emissions attributed to This was mainly due to the more rapid growth in the economy and consumption in western than in eastern China, although eastern China remains considerably more affluent.
We argue that the carbon emission flows from western China to Shanghai may further decline in the near future. China is struggling to narrow the gap between the east and west. China implemented the Western Development Strategy at the turn of the century and has set preferential policies to spur economic growth in the west. The strategy has entered its second phase (i.e., 2010-2030), during which western regions are expected to achieve faster economic and consumption growth. Therefore, the demands of final use products may continue to increase more rapidly in western than in eastern China.
In addition, China has proposed the Belt and Road (B&R) initiative, under which trade between the western Chinese regions and the rest of Eurasia will be promoted.
Therefore, western China will need more support from eastern China to produce products that are exported to foreign countries.
Although this paper demonstrates the impacts of economic structure changes on citylevel carbon emissions in China, there are still several limitations. First, we only consider consumption-based carbon emissions in Shanghai in 2007, 2010, and 2012, due to data unavailability. Recent economic structure changes in China might have great impacts on consumption-based CO2 emissions in Shanghai. Therefore, it will be meaningful to estimate consumption-based emissions in recent years when data (e.g., input-output tables) are available. Second, the carbon emissions caused by industrial processes (e.g., production of cement and lime) are not considered in this study. We mainly focus on relationships among economic development, energy consumption and carbon emissions. Industrial processes also cause plenty of greenhouse gas emissions and can be considered in the future studies. 
